Telomerase and telomeres are attractive targets for anticancer therapy. This is supported by the fact that the majority of human cancers express the enzyme telomerase which is essential to maintain their telomere length and thus, to ensure indefinite cell proliferation -a hallmark of cancer. Tumours have relatively shorter telomeres compared to normal cell types, opening the possibility that human cancers may be considerably more susceptible to killing by agents that inhibit telomere replication than normal cells. Advances in the understanding of the regulation of telomerase activity and the telomere structure, as well as the identification of telomerase and telomere associated binding proteins have opened new avenues for therapeutic intervention. Here, we review telomere and telomerase biology and the various approaches which have been developed to inhibit the telomere/telomerase complex over the past decade. They include inhibitors of the enzyme catalytic subunit and RNA component, agents that target telomeres, telomerase vaccines and drugs targeting binding proteins. The emerging role of telomerase in cancer stem cells and the implications for cancer therapy are also discussed.
Introduction
The most prominent difference between tumour and normal cells is their proliferative capacity. While normal cells have a limited life span and show replicative senescence, tumour cells are immortal (Goldstein, 1990; Hayflick, 1992) . Limitless replicative potential is one of the six hallmarks of cancer as defined by Hanahan and Weinberg (2000) . The biochemical mechanism responsible for tumour cell immortalization, and conversely for normal cell senescence, involves an enzyme termed telomerase (Greider, 1991; Blackburn, 1991 Blackburn, , 1992 Shippen, 1993; Kim et al., 1994; Holt et al., 1996) . This enzyme permits cancer cells to overcome one of the fundamental limitations to mammalian cell immortality, the progressive loss of telomeric DNA from the ends of the cell's chromosomes that occurs during each round of cell division (Figure 1 ). Since all chromosomes begin life with a limited amount of telomeric DNA, there are a finite number of cell divisions that a cell can undergo before it reaches an irreducible lower limit of telomeres in the absence of telomerase (Blackburn, 2000) . Telomerase has therefore emerged as a very attractive target for therapeutic intervention of cancer and has been a major focus in cancer research since the mid-1990s.
The most important criterion for developing better cancer therapies is tumour selectivity. During malignant transformation cancer cells acquire genetic mutations that override the normal mechanisms controlling cellular proliferation. It became clear in the early 1990s (Fearon and Vogelstein, 1990 ) that cancer is a multistep process and that normal cells can be converted into tumour cells by coexpression of co-operating oncogenes. Such experiments were mainly performed with mouse cell lines since it was very difficult to obtain transformed human cells. In 1999, Weinberg and co-workers were the first to create human tumour from normal cells with defined genetic elements. The key step in this process was the immortalization by ectopic expression of the catalytic subunit of the enzyme telomerase (hTERT) (Hahn et al., 1999a) . Then, it became clear why normal mouse cells would transform by addition of oncogenes alone -they express as compared to normal human cells telomerase activity (Blasco et al., 1997; Hahn et al., 1999a) .
In this review, we will give an overview of current telomere and telomerase biology and highlight evolving targets in the telomere/telomerase complex as well as therapeutic approaches.
Telomeres and telomerase in normal versus cancer cells
Human telomeres are non-coding DNA-sequences at the end of chromosomes, which are composed of (TTAGGG)n hexanucleotide repeats. During each cell division, telomeric DNA (30-100 bp) is lost because of the end-replication problem. Telomeres maintain chromosomal integrity and prevent replication of defective genes (Blackburn, 2000; Keith et al., 2001) . When normal cells reach a critical telomere length, they exit the cell cycle, enter M2 (mortality stage 2) crisis and undergo senescence. This mechanism is thought to be the clock that determines human life span (Harley et al., 1990; Hayflick, 1992) .
Different cell types have different telomere dynamics. The average available telomere length in normal somatic cells is 10 kilobases (kb), their telomeres erode resulting in senescence. Stem cells of renewal tissues have an average telomere length of 12 kb, which shorten at reduced rates, whereas germ cells and fetal tissues have 15-20 kb and maintain their telomeres. The average telomere length of cancer cells however, is only 5 kb (range B2-9 kb). During early tumourigenesis telomeres erode, but are then maintained at a stable length through, in the great majority of cases, the reactivation of telomerase (Hastie et al., 1990; Harley et al., 1990; Holt et al., 1996; Burger, 1999) . Among cancers, it has been shown that telomere content (TC), a proxy for telomere length, has prognostic relevance. In prostate carcinomas, low TC predicts for metastasis and recurrence (Fordyce et al., 2005) ; in breast cancers low TC predicts for poor clinical outcome and a reduced 5-year breast cancer-free survival interval (Fordyce et al., 2006) . Moreover, a recent metaanalysis of telomere length studies in solid tumours by Griffith and co-workers revealed that telomere length is reduced or elongated in a tumour type-specific manner .
Telomerase is a ribonucleoprotein reverse transcriptase. It has a RNA component human telomerase RNA component (hTERC), which acts as the template for addition of new telomeric repeats, and a catalytic subunit human telomerase reverse transcriptase (hTERT) (Kim et al., 1994; Feng et al., 1995; Nakamura et al., 1997) (Figure 2 ). Telomerase permits cells to overcome one of the fundamental limitations to mammalian cell immortality, the progressive loss of telomeric DNA. Cell populations that continue dividing throughout life, such as germ and stem cells require the addition of new telomeres to their chromosomes to replace sequences lost during cell division (Shay and Bacchetti, 1997; Burger et al., 1997a) . The latter and cancer cells, which have acquired a high proliferative potential, surpass replicative senescence by activation of the enzyme telomerase. As 
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Telomere Targeting Figure 1 Consequences of telomerase enzyme inhibition compared to direct telomere targeting. 'Pure' enzyme inhibitors require a lag time (several cell divisions) before telomeres shorten to a critical length. This process is slow and depends on the initial telomere length. Cell death is predominately caused by cellular senescence. Telomere targeting agents, such as G-quadruplex ligands, uncap telomeres and induce a p53-independent telomere-associated DNA-damage response. This process is fast and can induce senescence as well as apoptosis.
Telomerase as a therapeutic target P Phatak and AM Burger telomerase is reactivated, it can de novo synthesize TTAGGG hexanucleotide repeats onto shortened telomeres, thus maintaining them at a stable length. Cancer and stem cells have therefore an infinite capacity to proliferate and are immortal (Kim et al., 1994; Holt et al., 1996) . Virtually, all human tumour cell lines and approximately 85% of human cancer tissues have been shown to possess telomerase activity. By contrast, normal tissues adjacent to tumour and human somatic tissues, other than stem cells, do not possess detectable levels of telomerase (Kim et al., 1994; Shay and Bacchetti, 1997) . Although telomerase is the major mediator of telomere elongation, small fractions of yeast and mammalian cells that lack telomerase can operate a recombination-dependent mechanism, termed alternative lengthening of telomeres (ALT) (Bryan et al., 1995; Lundblad and Blackburn, 1993) .
Telomere capping and uncapping
The telomere length set point and its regulation involve telomere binding proteins and other members of the telomere/telomerase complex. Telomeres and associated binding proteins provide protective capping for chromosome ends (Figure 2a , Table 1 ). According to the telomere capping/uncapping hypothesis proposed by Elizabeth Blackburn, capping is functionally defined as preserving the physical integrity of the telomere, allowing cell division to proceed. Regulated uncapping would occur normally in dividing cells with the crucial property that a functional telomere would rapidly switch back to a capped state. Left uncorrected for too long, the uncapped state will elicit cellcycle arrest or other responses (Smith and Blackburn, 1999; Blackburn, 2000; Blackburn, 2001) .
Telomeres can become dysfunctional by several mechanisms including loss of telomere-binding proteins and direct telomeric DNA damage (Smith and Blackburn, 1999; Bisoffi et al., 2006) (Figures 1 and 2 ). Experimental evidence suggests that morphologically defective chromosomes are more likely to result from telomere uncapping than telomere erosion, thus challenging the paradigm that telomeres have to critically shorten to cause telomere dysfunction and senescence ( Figure 1 ).
The telomere/telomerase complex In vitro, hTERC and hTERT are sufficient to bestow telomerase activity (Feng et al., 1995; Nakamura et al., 1997) . In vivo, these core subunits are augmented by additional factors that comprise the functional telomere/telomerase complex, the telomerase associated proteins and the telomere-binding proteins, which play a role in equilibrium length establishment by affecting the localization and activity of the enzyme ( Figure 2 , Table 1 ). TP1 (telomerase-associated protein 1) and the molecular chaperone Hsp90 are physically associated with the telomerase catalytic subunit protein hTERT. hTERT requires Hsp90-mediated chaperone conformational folding for maturation and functional activation (Holt et al., 1999; Forsythe et al., 2001) (Figure 2 ). Telomere binding proteins include but are not limited to the telomeric repeat binding factors 1 and 2 (TRF1 and TRF2), TRF-1 interacting protein 2 (TIN2), POT1 (protection of telomeres 1), as well as tankyrase (TRF1-inactivating ankyrin-related adenosine diphosphate (ADP)-ribose polymerase), a member of the PARP family proteins ( Figure 2 , Table 1 ) (van Steensel and de Lange, 1997; Smith et al., 1998; Karlseder et al., 1999) . Dyskerin is a hTERC associated protein that has a structural function (Mochizuki et al., 2004) .
Key components of the homologous recombination and non-homologous end-joining pathways for DNA doublestrand break repair (DSB) are also found at mammalian telomeres, in particular they include a PARP (poly (ADPribose) polymerase (tankyrase)), MRE11, Ku70, Ku80, Histone 2AX and Rad50 (Table 1, Figure 2 ) (Keith et al., 2002; Blasco, 2003) . The earliest measurable event following telomere-associated DNA-damage signalling is the phosphory- Table 1 ). The 3 0 -end of telomeric DNA must be singlestranded for hybridization with hTERC. (b) G-quadruplex ligands (TTA, red) induce the 3 0 -end overhang to fold into a quadruplex structure, which inhibits hTERT and hTERC binding and stops telomere elongation. Unbound telomerase and telomere proteins (Pot1, Hsp90, etc.) translocate into the cytoplasm and undergo degradation via the ubiquitin (Ub) proteasome system (e.g. hTERT). 'Unprotected' telomeres signal DNA damage, a very early indicator of this is the phosphorylation of H2AX and, thus, formation of g-H2AX foci in nuclei of affected cells (Phatak et al., 2007; Salvati et al., 2007) . Ligands need to be selective for this higher-order G-quadruplex structure to have minimal duplex DNA affinity so that drug concentrations that inhibit the enzyme activity to 50% (telEC50) oo general cellular cytotoxicity. TTA, telomere targeting agent. Telomeres consist predominantly of double-stranded telomeric repeats with only the extreme terminus containing some single-stranded G-rich sequences (G-strand or 3 0 -singlestranded overhang). Telomerase adds the single-strand TTAGGG extension, whereas double-stranded regions are replicated by conventional polymerases (Figure 2a) . Two structures of the 3 0 -single stranded (TTAGGG)n overhang have been proposed: one suggesting the presence of a T-loop, which would result from a foldback of the 3 0 overhang into a loop of duplex DNA, the other proposes the formation of dimers and tetramers involving G-quadruplexes (de Lange, 2002) . G-quadruplex formation seems to be accelerated in the presence of telomere binding proteins, which appear to act as chaperones (Fang and Czech, 1993) . The G-quadruplex was recently crystallized and confers an energetically preferable conformation (Parkinson et al., 2002) . However, both structures of the 3 0 -end overhang might coexist (Murti and Prescott, 1999) . Nonetheless, the existence of a folding of the G-strand overhang into a G-quadruplex has to be considered most plausible in human cells based on the available experimental evidence.
Targets in the telomere/telomerase complex for anticancer therapy Telomerase reactivation and the establishment of telomere length equilibrium are key steps during early tumourigenesis. Based on this and the facts described above, it seems very plausible that the inhibition of the enzyme telomerase or proteins involved in the telomere/telomerase complex by targeted small molecules or other telomerase-directed approaches would lead to inhibition of malignant transformation and/or tumour growth. Telomerase inhibition is likely to yield novel broad spectrum, but possibly specific anticancer drugs. The telomere/telomerase complex provides multiple possibilities for the development of inhibitors; various approaches are currently under advanced preclinical investigations or in early clinical trials (Figures 2 and 3) . The targets are shown in Figure 2 and listed in Table 1 (Kelland, 2001 (Kelland, , 2005 Burger and Kelland, 2006; Burger, 2007) . Compounds in Figure 3 represent the most specific and advanced telomerase inhibitors (see also Table 1 ).
Telomerase as a cancer inhibitory target Several genetically engineered model systems support the pivotal role of telomerase in cancer. Particularly useful to validate telomerase as a cancer inhibitory target were studies with hTERC knockout mice and ectopic expression of dominant-negative hTERT in human tumour cells (Blasco et al., 1997; Hahn et al., 1999b; Gonzalez-Suarez et al., 2000) . Initial findings with the hTERC knockout mice were disappointing as they showed that fibroblasts derived from telomerase knockout mice were still capable of forming tumours upon transformation with oncogenes such as ras v12 or T-antigen and that the first-generation hTERCÀ/Àmice appeared normal (Blasco et al., 1997) . However, soon it became obvious that late generation mice (6th generation) were infertile due to defects in spermatogenesis or had abnormalities in other telomerase-dependent cells such as the marrow and spleen. These mice were then also significantly less prone to develop skin tumours upon chemical induced carcinogenesis (Gonzalez-Suarez et al., 2000) , hence, suggesting a lag time of the telomere shortening process dependent on initial telomere length, which is very high in murine tissues (B50 kb) (Figure 1 ).
Telomere length-dependent inhibition of tumour growth was further shown in human cells. The expression of a catalytically inactive form of the human TERT subunit in cancer-derived cell lines disrupted telomerase activity and was coincident with decrease in telomere length (Hahn et al., 1999b) . This resulted in proliferative defects with successive population doublings. Time to growth arrest correlated with initial telomere length. To the contrary, a cell line that maintained its telomeres independent of telomerase by the ALT mechanism was resistant to growth inhibitory effects of double negative (DN)-hTERT transfection (Hahn et al., 1999b) .
Agents targeting hTERC
The use of antisense oligonucleotides (ODNs) for targeting hTERC was first reported in 1995, and they represent the first telomerase inhibitors. ODNs are short single-stranded DNA sequences that are complementary to a target RNA such as hTERC. An antisense construct expressing 185 nucleotides of hTERC was able to shorten telomeres in HeLa cells over 23-26 population doublings via the reduction of telomerase activity and induced apoptosis (Feng et al., 1995) . ODNs tagged with 2 0 -5 0 -oligoadenylate (2-5A) to bind and cleave hTERC caused apoptosis in glioma, prostate, cervical, bladder and ovarian cancer cells within 4-5 days (Kondo et al., 1998; Kushner et al., 2000; Koga et al., 2001; Yatabe et al., 2002) . To enhance the binding properties to hTERC sequences and stability, 2 0 -O-methyl-RNA oligomers were developed (Herbert et al., 1999) . The lead compound of the latter efforts was GRN163. Cells treated with this oligomer took more than 100 days to eventually die, but inhibited telomerase activity at very low concentrations (Figure 1 ; see principle of telomerase inhibition) (Herbert et al., 1999) . GRN163L (Figure 3a) , is a 13-mer oligonucleotide N3 0 -P5 0 thio-phosphoramidate in a lipid carrier (L), which has demonstrated promising preclinical in vitro and in vivo antitumour activity and has just entered clinical trials. GRN163L (Geron Corp., CA, USA) is the first anti-telomerase agent to enter the clinic (Dikmen et al., 2005; Gellert et al., 2006; Jackson et al., 2007) . Safety and dose finding studies are underway in patients with refractory and relapsed solid malignancies. The drug is administered weekly and secondary objectives of the trial are the determination of its pharmacokinetics and preliminary antineoplastic activity. Correlative end points are not planned in this study (ClinicalTrials.gov, NCT00310895). Another approach to using hTERC as a cancer-specific target that has been pursued is gene-directed enzyme prodrug therapy (GDEPT). Keith and co-workers have exploited the transcriptional regulatory sequences of the hTERC gene to regulate expression of the bacterial nitroreductase enzyme in combination with the pro-drug CB1954 in a suicide gene therapy strategy. In cancer cells, hTERC promoter activity is 300-fold higher compared to normal cells, thus by placing the nitroreductase gene under the control of the telomerase gene promoter, sensitization to the pro-drug (CB1954 is a potent alkylating agent when released) with cell death was observed. The latter was restricted to cancer cells exhibiting high levels of promoter activity and this effect was retained in xenograft models in vivo (Plumb et al., 2001) . The hTERC GDEPT concept is promising and currently under advanced preclinical investigation (Table 1) .
Agents targeting hTERT
The telomerase catalytic subunit hTERT holds the greatest promise for a very specific targeted intervention. However, despite significant efforts made by pharmaceutical industry to identify inhibitors of hTERT, only a few approaches have yielded results. Often, small molecule hTERT inhibitors displayed a non-specific inhibition of DNA polymerases Telomerase as a therapeutic target P Phatak and AM Burger and as a consequence were dropped (Kelland, 2001) . The most specific synthetic hTERT inhibitor known to date is BIBR1532 (2-[(E)-3-naphthalen-2-yl-but-2-enoylamino]-benzoic acid) (Figure 3b ). BIBR1532 inhibits telomerase activity in vitro at inhibitory concentration 50% in the low nanomolar range (Damm et al., 2001) . Treatment of DU145 (prostate), MDA-MB-231 (breast), HT1080 (fibrosarcoma) and NCI-H460 (lung) cells with BIBR1532 shortened telomeres progressively while lacking acute cytotoxicity. Typical of what one would expect for a 'pure' hTERT inhibitory agent (see Figure 1) , cancer cells underwent growth arrest only after a substantial lag time and when telomeres had shortened to a critical length, thus causing lethal mitotic and chromosomal defects (Damm et al., 2001) .
The nucleoside analogue AZT (3-azido-2 0 -3 0 -dideoxythymidine) has also been shown to inhibit the telomerase reverse transcriptase activity, hTERT. However, high drug concentrations are required (4100 mM) for enzyme inhibition and its antiproliferate activity is weak (Strahl and Blackburn, 1996; Brown et al., 2003) .
Similar to hTERC, gene therapy-based strategies have been developed utilizing hTERT. hTERT promoter GDEPT was equally effective as hTERC GDEPT (Plumb et al., 2001) . In addition, an adenovirus expressing a ribozyme directed against the T-motif of hTERT significantly reduced telomerase activity 3 days after transduction and this was accompanied by a massive cell loss in ovarian cancer cell lines, but not in telomerase-negative human fibroblasts (Saretzki et al., 2001) .
However, carefully conducted experiments that have employed genetic (dominant negative) hTERT inhibition, together with the data resulting from studying the synthetic hTERT inhibitor BIBR1532 and hTERC template antagonists such as GRN163L clearly indicate that enzyme inhibition requires a substantial lag time -dependent on the initial length of telomeres -before cell kill by replicative senescence occurs (Hahn et al., 1999b; Damm et al., 2001; Dikmen et al., 2005) (Figure 1 ). If this scenario is operable in vivo in patients, telomerase inhibition alone is probably insufficient for effective tumour growth inhibition and would require combination with other targeted or cytotoxic agents.
Telomere targeting agents
Most recently, experimental evidence has accumulated indicating that telomere uncapping will lead to more rapid cell kill (Figure 1) . DNA damage signals at the G-strand overhang and the corresponding lagging strand could lead to uncapping of the chromosome and rapidly occurring apoptosis or genomic instability. In addition, telomere-based senescence and premature senescence due to static telomere conditions can also contribute to a much reduced lag time as compared to telomere shortening by telomerase enzyme inhibition alone (Blackburn, 2000; de Lange, 2002; Shay, 2003) . Thus, agents that 'uncap' and/or directly target telomeres are likely to be more effective as a monotherapy and can act faster as compared to 'pure' enzyme inhibitors (Figure 1) .
Telomere targeting agents (TTA) effectively accomplish both: the shortening and uncapping of telomeres as well as the inhibition of telomerase activity (Burger et al., 2005; Cookson et al., 2005a) . TTAs have been rationally designed based on crystal and/or NMR solution structures (Wang and Patel, 1993; Parkinson et al., 2002; Cookson et al., 2005b) to interact with the G-rich single-stranded telomeric overhang by inducing it to form and stabilize G-quadruplexes (Kelland, 2005) (Figure 2b) .
Agents that can specifically target telomeric repeat sequences are termed G-quadruplex ligands. They include trisubstituted (BRACO19, Figure 3c ) and pentacyclic (RHPS4, Figure 3d ) acridines, cationic porphyrins (TMPyP4), ethidum derivatives and telomestatin (Figure 3e , Table 1 ) (Kelland, 2005; Gowan et al., 2001; Read et al., 2001; Riou et al., 2002; Pennarun et al., 2005) . Unlike the other G-quadruplex ligands, telomestatin is a natural product and is the most potent of these agents in terms of telomerase inhibition (low nanomolar range) (Kim et al., 2002) .
We and others have shown that as a result of G-quadruplex formation, telomerase (hTERT) and telomere-associated proteins (for example, POT1 and TRF2) are displaced from the telomeres, translocate into the cytoplasm where they render non-functional (degradation via the ubiquitin proteasome system) and trigger telomere-associated DNA-damage response (Burger et al., 2005; Gomez et al., 2006; Phatak et al., 2007; Salvati et al., 2007) (Figure 2b ). DNA damage response follows DSB signalling that is induced by phosphorylation of H2AX (g-H2AX) (Figure 2b ). This might in part explain their single agent activity and rapid onset of activity against in vivo human tumour models with relatively short telomeres (Burger et al., 2005; Phatak et al., 2007; Salvati et al., 2007) . RHPS4 and BRACO19 are TTAs that have the potential for clinical development. They are currently undergoing preclinical toxicology and are scheduled for entry into phase I clinical trials (Kelland, 2005) .
Interestingly, the standard anticancer drug cis-diamminedichloroplatinum (CDDP, cisplatin) could be considered as a non-specific TTA. Cisplatin is known to form N7-Pt-N7 guanine-guanine intrastrand crosslinks. The G-rich sequence of telomeres (TTAGGG)n, which extends beyond the C-rich strand for around B130-210 base pairs, has been shown to react with cisplatin. It has been proposed that cisplatin might specifically poison telomeres, because no transcription products from telomeres exist and thus damage to telomeric DNA will not be repaired by the transcriptioncoupled nucleotide excision repair system, whereas doublestranded coding DNA will be repaired (Burger et al., 1997b; Ishibashi and Lippard, 1998) . Hence, the telomere targeting property of cisplatin should be utilized and further studied in clinical treatment modalities.
Agents that target other components of telomere/telomerase complex Additional 'less specific' targets in the telomere/telomerase complex are telomerase associated and telomere binding proteins respectively. Several drugs from the latter categories are in early clinical trials. They include the heat-shock protein 90 inhibitor 17-allylaminogeldanamycin, which was shown to downregulate telomerase activity as a result of loss of Hsp90 chaperone function (Holt et al., 1999; Villa et al., 2003) , and PARP inhibitory compounds (Seimiya et al., 2005; Wright and Shay, 2005) . The telomere binding protein tankyrase is a PARP family member (Figure 2, Table 1 ), which can be inhibited by broad-spectrum PARP inhibitory compounds such as 3-aminobenzamide (Seimiya et al., 2005) . The PARP inhibitors were found to be potent chemosensitizers, and essentially lack single agent activity. PARP inhibitors under clinical investigation include ABT-888 (developed by Abbott Laboratories, Abbott Park, IL, USA and the USNational Cancer Institute, Bethesda, MD, USA) and AG14361 (developed by Pfizer, Cambridge, MA, USA and the University of Newcastle, Newcastle, UK) (Donawho et al., 2007; Thomas et al., 2007; No authors listed) .
hTERT vaccines Vaccines directed against hTERT as a 'general' tumour antigen, have been generated and are being studied in the clinic. Several phase I trials of hTERT immunotherapy have been completed in patients with breast, prostate, lung and other cancers and clinical and immunological results are encouraging (Carpenter and Vonderheide, 2006) . Patients with metastatic tumours were immunized against a short peptide sequence of the human telomerase reverse transcriptase catalytic subunit (hTERT, aa 540-548 and 611-626 respectively), which is recognized by cytotoxic T-lymphocytes (Parkhurst et al., 2004; Vonderheide et al., 2004) . The overall concept of this approach is to lyse telomerasepositive tumours with hTERT-specific T-lymphocytes. While an US-National Cancer Institute trial concluded that the targeted hTERT peptide is not presented on the surface of tumour cells and will not be useful for immunotherapy of patients with cancer (Parkhurst et al., 2004) , others reported objective tumour responses, suggesting that vaccinating patients against telomerase is immunologically feasible (Vonderheide et al., 2004; Brunsvig et al., 2006) .
Telomerase and cancer stem cells
Telomerase expression and telomere maintenance are key to the limitless proliferative potential of embryonic and adult stem cells. Overexpression of the catalytic subunit of telomerase, hTERT, has been found to promote stem cell mobilization, whereas short telomeres have been reported to cause stem cell failure (Hao et al., 2005; Sarin et al., 2005) . In cancer, stem cell biology is best understood in haematological malignancies. While telomere length maintenance in primitive human haematopoietic cells is dissociated from telomerase activity, telomerase-dependent telomere shortening appears to be involved in the chromosomal instability and transformation of haematopoietic stem cells into leukaemic stem cells (Ju and Rudolph, 2006) . Despite the inherent presence of telomerase in normal stem cells, cancer stem cells arising from the latter require markedly higher telomerase levels that are more efficient at telomere maintenance (Armanios and Greider, 2005) . Thus, cancer stem cells may be more susceptible to loss of functional telomerase by telomere uncapping, thereby providing promising therapeutic targets.
Colony formation in a semi-solid matrix such as soft agar is an established surrogate for stem cell growth (Hamburger and Salmon, 1977) . The hTERC inhibitor GRN163L and the TTA RHPS4 were shown to be potent inhibitors of clonogenic tumour cell growth (colony formation). For both agents the stem cell inhibitory properties did translate into in vivo antitumour activity (Dikmen et al., 2005; Phatak et al., 2007) . Interestingly, RHPS4 was 1-2 log-folds more active against clonogenic tumour cells as compared to bulk tumour mass and to normal adult stem cells, such as colony forming units (CFU) from cord blood. The latter suggests that the TTA can target cancer stem cells (Phatak et al., 2007) . Similar observations were made in an hTERT vaccine study that was designed to assess the effects of hTERT vaccination on haematopoietic stem cells. There was no significant decline in the frequency of granulocyte, macrophage or erythroid CFU in bone marrow from patients receiving the vaccine. In nonobese diabetic/severe combined immunodeficient mouse repopulation assays, human haematopoietic reconstitution was easily detected, without quantitative or qualitative differences between pre-and post-vaccine samples (Danet-Desnoyers et al., 2005) .
These observations strongly indicate that human tumour stem cells can be differentially targeted by telomerase inhibitors and are in agreement with recent findings that hTERT is a 'stemness' gene and cancer stem cell target.
Conclusions and future perspectives
Since the first seminal study on the 'specific association of telomerase activity with immortal cells and cancer' has been published by Kim et al. (1994) , the knowledge of the function and regulation of the ribonucleoprotein enzyme has dramatically increased and it is widely studied in the field of cancer research.
Although the essential role of telomerase in immortalization has been clearly established (Hahn et al., 1999a, b) , its value as a cancer inhibitory target is still debated and has not fully been proven by clinical studies that report an actual significant therapeutic benefit in cancer patients. After the initial discovery that telomerase activity is found in more than 85% of all tumours, telomerase was proposed as a universal target (Morin, 1995) . However, soon it became evident that several normal cell types, in particular somatic and haematopoietic stem cells, do express telomerase (Holt et al., 1996 , Burger et al., 1997a . Nevertheless, owing to differences in telomere length and telomere dynamics of stem cell type normal cells and cancer cells, a therapeutic window for telomerase inhibitors and telomere targeting agents seems to exist. As the agents described in this review become more broadly available it will be very interesting to combine for example, TTAs and hTERT or hTERC inhibitors; or TTAs, Hsp90 inhibitors and/or the hTERT vaccine. It is very possible that they might synergize. Additionally, by testing a cancer stem cell targeting approach, telomerase therapeutics could be combined with debulking agents (our standard cytotoxics). In fact, the TTA RHPS4 acts synergistically with the Hsp90 inhibitor 17-AAG and Taxol in cell culture (Cookson et al., 2005a) .
With hTERT vaccines and ODNs under clinical investigation, and several synthetic small molecules entering clinical trials, telomerase therapeutics may soon become an integral part of cancer chemotherapy regimens.
